Flavor-exotic tetraquark mesons have recently been observed in the heavy-quark pair sectors of QCD, including two isospin multiplets in the bb sector, Z b (10610) and Z b (10650), and one isospin multiplet in the cc sector, Z c (3900). We identify Z b and Z c as tetraquark mesons that are analogs of quarkonium hybrids with the gluon field replaced by an isospin-1 excitation of the light-quark fields. Given the identification of Y (4260) and Z c (3900) as a ground-state charmonium hybrid and tetraquark, respectively, lattice QCD calculations of the charmonium spectrum can be used to estimate the masses of the lowest four spin-symmetry multiplets of charmonium hybrids and tetraquarks. The Z b (10610) and Z b (10650) can be assigned to excited-state multiplets of bottomonium tetraquarks, resulting in estimates of the masses of the ground-state multiplets of bottomonium hybrids and tetraquarks.
Two of the simplest types of exotic mesons are hybrids (qqg) and tetraquarks () ) has also been observed [3] . These states have isospin and G-parity I G = 1 + and their preferred spin and parity are J P = 1 + [4] . In March 2013, the BESIII collaboration announced the discovery of a flavor-exotic tetraquark meson Z + c (3900) whose constituents are ccud [5] . It was discovered through its decay into J/ψ π + . The existence of the Z + c (3900) was confirmed by the Belle collaboration [6] and by an analysis of data from the CLEOc collaboration [7] . The latter analysis provided evidence for the neutral member Z The measurements in Refs. [5, 6] determine the mass of the Z c (3900) to be 3897 ± 5 MeV and its width to be 51 ± 18 MeV.
The constituents of the tetraquark mesons Z b and Z c are clearly revealed by their decay products. However the structure of these mesons is an open question. The possibilities that were proposed for Z c in the first two weeks after the announcement of its discovery include a cusp in D * D scattering [8] , a charm-meson molecule consisting of D * andD [9] [10] [11] [12] [13] [14] [15] , a tetraquark consisting of cu andcd diquarks [11, 14] , and hadrocharmonium consisting of ud bound to a color-singlet cc core [13, 14] . Many more possibilities for Z b have been proposed.
These models are all inherently phenomenological, making little direct contact with QCD.
In particular, they are not easily verified through nonperturbative calculations using lattice QCD. In this Letter, I point out compelling candidates for the Z b and Z c that can be confirmed using lattice gauge theory. I propose that they are analogs of quarkonium hybrids with the excitation of the gluon field replaced by an isospin-1 excitation of the light-quark fields.
We begin by discussing quarkonium hybrids. Their existence in QCD without light quarks was demonstrated convincingly by Juge, Kuti, and Morningstar using the BornOppenheimer approximation in which the Q andQ move slowly in response to the gluon field produced by static external sources [16] . They used lattice QCD without quarks to calculate the Born-Oppenheimer potentials defined by the energy of the gluon field in the presence of a color-triplet source and a color-antitriplet source separated by a distance R. Ordinary quarkonia correspond to bound states of Q andQ in the Born-Oppenheimer potential for the ground state of the gluon field, which is labelled Σ + g . The bound states in this potential form spin-symmetry multiplets: S-wave multiplets with J P C quantum numbers {0 −+ , 1 −− }, In the case of QCD with charm quarks and light quarks, the spectrum of charmonium hybrids can be calculated directly using lattice gauge theory. Exploratory calculations of the spectrum of charmonium and charmonium hybrids above the charm-meson pair threshold have been carried out by Dudek, Richards, and Thomas [18] and extended by the Hadron Spectrum Collaboration [19] . Since the calculations were carried out at a single lattice spacing and with u and d quark masses that correspond to a pion mass of about 400 MeV, the systematic errors could not be quantified. The lowest charmonium hybrids in the calculations of Ref. [19] form the multiplet H 0 . Their quantum numbers coincide with those for an S-wave cc pair and an excitation of the gluon field with quantum numbers 1 +− , which corresponds to a constituent gluon in a P -wave state. There were also charmonium hybrid candidates corresponding to all members of a supermultiplet consisting of three spinsymmetry multiplets: H 1 , H 2 , and
. Their quantum numbers coincide with those for a P -wave cc pair and an excitation of the gluon field with quantum numbers 1 +− . This supermultiplet has been predicted to be the first excited multiplet for hybrids containing light quarks [20] .
The results of Ref. [19] are compatible with the identification of Y (4260) as the lowest [21] through its decay into J/ψ π + π − . It is a plausible candidate for a charmonium hybrid, because it is produced so weakly in e + e − annihilation that the peak of the resonance is near a local minimum of the hadronic cross section. The small production rate in e + e − annihilation is a consequence of the small wavefunction for cc at the origin. Annihilation decays into light hadrons are also suppressed by the small wavefunction for cc at the origin.
One model-independent prediction for decays of a hybrid is that decay into a pair of S-wave mesons is suppressed [22, 23] . The dominant decays of charmonium hybrids are therefore expected to be into an S-wave and P -wave charm-meson pair, provided these states are and that the decay Y → Z c π proceeds through a transition of g intoby pion emission, with the cc pair acting essentially as a spectator. The pion has I G (J P ) = 1 − (0 − ), and its Goldstone nature requires it to be emitted in a P -wave state. This implies that thein the Z c has I G = 1 + and J P = 0 + , 1 + , or 2 + . Equivalently, thein the neutral tetraquark Z 0 c has J P C = 0 +− , 1 +− , or 2 +− . Given that the lowest-energy gluon excitation in a quarkonium hybrid is 1 +− , it is plausible that the lowest-energy light-quark excitation in a neutral quarkonium tetraquark is also 1 +− . I will assume that this is indeed the case, so thein the Z c is I G (J P ) = 1 + (1 + ). Since the Z c also contains a 0 −+ cc pair, it must be 1 + (1 − ). It has negative parity, in contrast to most previous theoretical interpretations of the Z c , which assumed that its parity is positive [8] [9] [10] [11] [12] [13] [14] [15] . The quantum numbers J P = 1 − allow decays of Z c into DD and D * D , but decays into these S-wave charm meson pairs are suppressed for the same reason they are suppressed for charmonium hybrids [22, 23] .
Annihilation decays into light hadrons are suppressed by the small wavefunction for cc at the origin, again like for charmonium hybrids. The dominant decays of Z c should therefore be hadronic transitions to charmonium. In addition to the discovery decay mode J/ψ π, the other such 2-body decay modes are ψ(2S) π and η c ρ.
The other three members of the spin-symmetry multiplet T 0 of Z c are obtained by replacing the 0 −+ cc pair by a 1 −− cc pair. The ground-state tetraquark multiplet is therefore
Assuming the mass splittings relative to the corresponding charmonium hybrids are the same as the splitting between Z c (3900) and Y (4260), the estimates for the masses of the (0, 1, 2) − states are 3807, 3829, and 3946 MeV, respectively. The spin-J state can decay into χ cJ π and all three states can decay into J/ψ ρ, η c π, and η c (2S) π.
The lowest excited isospin-1 charmonium tetraquarks form three spin-symmetry multiplets analogous to those for charmonium hybrids in Ref. [19] :
Their centers of gravity are estimated to be near 3995, 4088, and 4130 MeV, respectively. It should be possible to calculate the masses of these charmonium tetraquarks using lattice QCD by the methods of Ref. [19] . Their spectrum is more sensitive to the extrapolation to the physical masses of the u and d quarks than the spectrum of charmonium hybrids.
We now turn to the isospin-1 bottomonium tetraquarks Z b Before the discovery of Z c , several unconfirmed isospin-1 charmonium tetraquarks were observed in B meson decays. The Z + (4430) was observed through its decay into ψ(2S) π + [36] . Its mass is a couple hundred MeV too high to be assigned to the multiplet T 3 . The Z + (4050) and Z + (4250) were observed through their decays into χ c1 π + [37] . The mass of Z(4050) is close to the estimated center of gravity of the T 2 multiplet. The χ c1 π decay mode is compatible with the 1 − (0 + ) member of that multiplet.
More than a dozen neutral XY Z charmonium states have been observed [35] . Those that decay into pairs of S-wave states can be excluded as candidates for charmonium hybrids or tetraquarks. None of the remaining XY Z states are candidates for a neutral isospin-1 tetraquark. The X(4350), which decays into J/ψ φ and γγ and has quantum numbers 0 P + or 2 P + [38] , is a good candidate for the 0 ++ member of the H 1 hybrid multiplet. The X(4140) and Y (4274), which have been observed in J/ψ φ [39] , are candidates for the H 0 hybrid multiplet. There are several Y states with quantum numbers 1 −− that cannot be accomodated by any of the hybrid or tetraquark multiplets discussed above. They could be isospin-0 quarkonium tetraquarks related to the isospin-1 tetraquarks by SU(3) flavor symmetry. The X(3915), which decays into J/ψ ω and γγ and has quantum numbers 0 P + [40] , is a good candidate for the 0 −+ state of that multiplet. An alternative identification of X(3915) as the P -wave charmonium state χ c0 (2P ) is disfavored by its not having been observed in the decay mode DD [41] . Flavor symmetry suggests that there are also strange charmonium tetraquarks with energies a couple hundred MeV higher than their nonstrange counterparts.
In summary, the flavor-exotic mesons Z c and Z b have been identified as quarkonium tetraquarks related to quarkonium hybrids by replacing the gluon excitation by an isospin-1 light-quark excitation. Lattice QCD calculations of the charmonium spectrum were used to estimate the masses of the lowest spin-symmetry multiplets of quarkonium hybrids and tetraquarks. Many of the remaining XY Z mesons fit naturally into one of those hybrid multiplets or into isospin-0 tetraquark multiplets related to the isospin-1 multiplets by SU (3) flavor symmetry. A rich spectrum of additional quarkonium hybrids and tetraquarks is awaiting discovery.
